The shrinkage of mixtures containing replacements of total aggregate with prewetted lightweight aggregate (LWA) (0, 8, and 10% by volume) 
INTRODUCTION
Concrete bridge deck deterioration caused by the corrosion of reinforcing steel is a serious problem that can considerably reduce structure service life and cause numerous maintenance problems. Concrete cracking caused by shrinkage accelerates this deterioration by providing a path for corrosive agents, water, and oxygen to penetrate the deck and reach the reinforcement (Schmitt and Darwin 1999; Lindquist et al. 2006; Darwin et al. 2004 Darwin et al. , 2010 Pendergrass and Darwin 2014) . Furthermore, research has demonstrated that even bars with a protective epoxy coating are susceptible to disbondment and corrosion in cracked concrete Darwin et al. 2011) .
It is well-established that minimizing shrinkage can greatly reduce the cracking potential of concrete bridge decks (Schmitt and Darwin 1999; Darwin et al. 2004 Darwin et al. , 2010 . One technique increasingly used to reduce shrinkage is the addition of prewetted lightweight aggregate as a source of internal curing (IC) water De la Varga et al. 2012) . IC was first suggested by Philleo (1991) , who proposed that a partial replacement of normalweight aggregate with prewetted vacuum-saturated (PVS) lightweight aggregate (LWA) can reduce autogenous shrinkage in concretes with low water-cementitious materials ratios (w/cm). Weber and Reinhardt (1997) demonstrated the effectiveness of IC in reducing shrinkage and improving hydration of high-performance concretes with water-cement ratio (w/c) as low as 0.30. Browning et al. (2011) demonstrated the effectiveness of IC with the use of PVS LWA to reduce shrinkage in concretes typically used in bridge decks (w/cm greater than or equal to 0.42).
Slag cement and silica fume are supplementary cementitious materials (SCMs) that have been used in concrete for decades. Reduced concrete permeability has been observed with the addition of slag (Rose 1987 ) and silica fume (Maage 1984; Maage and Sellevold 1987) to concrete, with decreased permeability as the proportions of each are increased. The lower permeability is due to a change in the pore structure of the cement paste matrix.
Drying shrinkage, a primary concern for bridge decks, is caused by the loss of water in the capillary pores of hardened cement paste as water is lost to the environment. Bentur et al. (1988) explained that concrete containing silica fume experiences a slower rate of water loss during drying as a result of the reduced permeability. If sufficient internal curing water is supplied to the concrete through the use of prewetted lightweight aggregate, the reduced permeability provided by the silica fume and slag could reduce drying shrinkage because water within the cement paste constituent of concrete is unable to quickly reach the surface and, thus, evaporate. Over time, this internal water becomes tied up in hydration products and is no longer available to evaporate.
Studies conducted to compare the shrinkage of concretes made with portland cement with that of concrete made with a partial slag cement replacement of portland cement have yielded differing results. Fulton (1974) concluded that the use of slag cement in concrete increases shrinkage. Similarly, Lee et al. (2006) found that partial replacement of cement with slag increases early-age shrinkage. A study conducted by Klieger and Isberner (1967) resulted in similar shrinkage values for mixtures with and without slag cement, while Tazawa et al. (1989) observed less shrinkage in mixtures with slag when cured for 28 days and greater shrinkage when cured for 3 or 7 days. Li et al. (1999) observed no significant change in concrete shrinkage with a 50% replacement of the cement with slag. It should be noted that the mixtures just described were proportioned based on an equal-weight substitution of cement with slag. As a result of the lower specific gravity of slag cement compared to portland cement, these mixtures contained a greater volume of cement paste, the constituent undergoing shrinkage, than those without slag. Therefore, to evaluate the effects of material substitutions, comparisons should be based on a volume replacement rather than weight basis. Using the work reported in 32 references, Hooton et al. (2009) assembled a database of 62 concrete mixtures to investigate the effect of slag cement on the shrinkage of concrete. Slag cement was either a partial replacement of cement or the only cementitious material. Hooton et al. (2009) concluded that the shrinkage of the mixtures containing slag cement was about the same as that of concretes without slag cement. When the shrinkage results were adjusted by taking into account the volume of the paste, concretes containing slag cement showed approximately 3% less shrinkage. Ghasemzadeh et al. (2014) evaluated the shrinkage of concrete mixtures with paste contents between 29.5 and 30% and a w/cm of 0.38, with and without cement replacements with slag and silica fume. The results indicated that after 365 days, shrinkage was significantly reduced (by approximately 180 microstrain) for mixtures containing a slag cement replacement (25.8% by volume of binder) compared to mixtures with 100% portland cement. An additional small reduction (approximately 20 microstrain) in shrinkage was observed when a small amount (9.8% by volume of binder) of silica fume was used in conjunction with slag cement. Yuan et al. (2015) compared the shrinkage of concrete mixtures containing different volume replacements of cement with slag cement with that of concrete mixtures made with 100% portland cement. The w/cm (0.44) and paste volume (24.1%) of the cementitious material were constant for all mixtures. They found that a partial replacement of cement with slag cement reduced shrinkage-a reduction that was greatest at early ages and increased as the replacement level of slag was increased. Yuan et al. (2015) also found, as did Darwin et al. (2007) and Lindquist et al. (2008) , that when slag cement was used in conjunction with a saturated porous limestone coarse aggregate, which provided internal curing, a greater reduction in shrinkage was observed than obtained in mixtures containing a low-absorption coarse aggregate. This paper evaluates the shrinkage of mixtures containing different combinations of prewetted LWA, Grade 100 slag cement, and silica fume. The mixtures evaluated in this study have paste contents between 23.7 and 24% by volume and a w/cm of 0.44 or 0.45.
RESEARCH SIGNIFICANCE
Previous studies have found inconsistent results when evaluating the shrinkage of concrete containing slag cement. These inconsistencies are likely attributed to evaluating the shrinkage of mixtures with different paste volumes. In addition, the beneficial effects on shrinkage performance of IC through the use of prewetted LWA have not been evaluated in conjunction with both slag cement and silica fume. Slag and silica fume, when combined with internal curing, can provide a significant reduction in shrinkage.
EXPERIMENTAL INVESTIGATION Materials
Type I/II portland cement was used for all mixtures in this study. Grade 100 slag cement and silica fume were used as partial replacements by volume of cement in some mixtures. Granite, with an absorption between 0.6 and 0.8%, was used as the coarse aggregate. Pea gravel was used as an intermediate aggregate, and river run sand was used as the fine aggregate. Pea gravel-sized and sand-sized LWA were used in different mixtures as a partial aggregate replacement to provide a source of IC water in some of the mixtures.
The gradations for the two types of LWA are presented in Appendix A.
* The chemical compositions and specific gravities of the portland cement, slag cement, and silica fume are given in Table 1 . A tall oil-based air-entraining admixture (AEA) was used in all mixtures. A polycarboxylate-based high-range water-reducing admixture (HRWRA) was used when necessary to achieve the desired concrete slump.
Concrete mixtures
Three series of concrete mixtures, a total of 13 individual mixtures, were used to evaluate the effect on shrinkage of internal curing with and without additions of slag and silica fume. Mixture proportions are shown in Table 2 . Mixtures designated as "Control" contained no prewetted LWA, slag, or silica fume. Mixtures with 8 and 10% volume replacements of total aggregate with LWA, but no additions of slag or silica fume, are designated as "8% LWA" and "10% LWA," respectively. The mixture with a 10% LWA volume replacement of total aggregate and a 30% volume replacement of cement with slag cement is designated as "10% LWA-30% Slag." Mixtures with a 10% LWA volume replacement of total aggregate, a 30% volume replacement of cement with slag cement, and a 3 or 6% volume replacement of cement with silica fume are designated as "10% LWA-30% Slag-3% SF" and "10% LWA-30% Slag-6% SF," respectively. A letter is added at the end of a mixture designation to indicate the series in which the concrete was cast. For example, 10% LWA-30% Slag-3% SF-B describes the mixture containing * The Appendix is available at www.concrete.org/publications in PDF format, appended to the online version of the published paper. It is also available in hard copy from ACI headquarters for a fee equal to the cost of reproduction plus handling at the time of the request. The mixtures containing prewetted LWA in Series A and B were made with a pea gravel-size LWA, while those in Series C were made with a sand-size fine LWA. The gradations for the two types of LWA are provided in Table A1 in Appendix A. The LWA used in Series A and B was vacuum-saturated, while the LWA used in Series C was soaked in water at atmospheric pressure for 72 hours prior to mixing. Detailed descriptions of the vacuum saturation equipment and operation procedures are provided by Reynolds et al. (2009) . The absorption of the vacuum-saturated and soaked LWAs, found according to ASTM C128, used in the batches ranged from 21.4 to 26.3% in Series A, 20.3 to 25.5% in Series B, and 23.2 to 24.7% in Series C, providing internal curing water content by weight (mass) of cementitious material ranging from 5.7 to 6.7% in Series A, 5.8 to 7.1% in Series B, and 7.1 to 7.5% in Series C (Table 2) . Concrete properties are shown in Table 3 .
The mixtures in Series A had a w/cm of 0.44, with the exception of the Control mixture, which had a w/cm of 0.45. The mixtures in Series B and C had a w/cm of 0.45. Paste contents, based on an air content of 8%, for the 13 mixtures ranged from 23.36 to 24.06% by volume, with a maximum variation for mixtures in a single series of under 0.4%. The mixtures were designed to remain within a small range of paste contents by volume to minimize the effect of paste volume on shrinkage. The low paste contents were based on the recommendations by Darwin (1995, 1999) resulting from a study of 33 bridge deck placements, which showed a clear relationship between paste content and bridge deck cracking. Darwin (1995, 1999) concluded that cracking will increase significantly when the volume of the paste exceeds 27%. Based on the work by Schmitt and Darwin, coupled with follow-on studies (Darwin et al. 2004; Lindquist et al. 2005) , a series of low-cracking high-performance concrete (LC-HPC) bridge decks were constructed with paste contents between 22.8% and 24.6%. The benefits of using a lower paste content (less than 26%) in mitigating bridge deck cracking, irrespective of other factors, has been observed in multiple field evaluations of concrete bridge decks in Kansas and Virginia (Polley et al. 2015; Darwin et. al 2016) .
Length change measurements
Unrestrained length changes of specimens were measured in accordance with ASTM C157. Three test specimens with dimensions of 3 x 3 x 11-1/4 in. (76 x 76 x 286 mm) were cast for each mixture. The mixtures are compared based on the average results for the three specimens. The specimens were dried at 73° ± 3°F (23° ± 2°C) and 50 ± 4% relative humidity. Length change measurements were taken using a mechanical dial gauge length comparator. Initial readings were taken when the specimens were demolded 24 ± 1 hour after casting and when the specimens were first subjected to drying at 14 days. Subsequent length measurements were taken every day for the first 30 days, every other day between 30 and 90 days, once a week between 90 and 180 days, and once a month between 180 and 365 days.
EXPERIMENTAL RESULTS AND DISCUSSION
The test results are described in two ways, in terms of drying shrinkage and in terms of net shrinkage. Drying shrinkage is the length change caused by the loss of moisture, while net shrinkage represents the length change due to the combination of drying shrinkage and any swelling that takes place during the curing period. Net shrinkage is discussed first.
The average net shrinkage strains for the mixtures after 0, 30, 90, 180, and 365 days of drying are summarized in Table 4 . The values for the individual specimens are presented in Appendix B. Student's t-test is used to determine the statistical significance of differences in the performance of individual mixtures. The t-test is a parametric analysis used when sample sizes are small to verify whether the difference in the means of two samples, X 1 and X 2 , represents a difference in the population means, µ 1 and µ 2 . There are several ways to describe the outcome of a t-test. In this paper, the results are described based on the probability p that the difference between two means could have arisen by chance. Traditionally, values of p less than 0.02 or 0.05 and sometimes 0.10 are treated as indicative that the difference between two means is statistically significant (that is, unlikely to have arisen by chance). Values above 0.20 are universally accepted, as indicating that the difference between means is not statistically significant (that is, likely to have arisen by chance). The values of p for individual comparisons are shown in Appendix A. In the comparisons that follow, the differences are statistically significant unless otherwise noted.
Net shrinkage through 30 days
Figures 1, 2, and 3 show the average net shrinkage during the first 30 days of drying for the mixtures in Series A, B, and C, respectively. The figures illustrate a general trendthat is, the use of prewetted LWA as a partial replacement of normalweight aggregate reduces the tendency of the mixtures to develop shrinkage strain; additional reduction occurs when slag cement is used as a partial replacement for cement in conjunction with prewetted LWA; and shrinkage is further reduced when silica fume is used as a partial replacement for cement in conjunction with slag and LWA.
In Series A ( Fig. 1 ) after 14 days of wet curing and 30 days of drying, the mixtures containing prewetted LWA (referred to hereafter as LWA) exhibited less net shrinkage than the control mixture. The mixtures containing 8 and 10% LWA (8% LWA-A and 10% LWA-A), respectively, had 50 and 70 microstrain less net shrinkage than the control mixture (Control-A). The difference of 20 microstrain in net shrinkage between 8% LWA-A and 10% LWA-A, is not statistically significant. The mixture containing 10% LWA and 30% Slag (10% LWA-30% Slag-A) had 166 microstrain less net shrinkage than Control-A and 96 microstrain less net shrinkage than 10% LWA-A. The incorporation of silica fume in conjunction with slag and LWA resulted in further reductions in net shrinkage. The mixture containing 3% silica fume (10% LWA-30% Slag-3% SF-A) exhibited 50 microstrain less net shrinkage than the 10% LWA-30% Slag-A mixture, and 216 microstrain less net shrinkage than the Control-A mixture. The mixture containing 6% silica fume (10% LWA-30% Slag-6% SF-A) had 30 microstrain less net shrinkage than the 10% LWA-30% slag-A mixture, and 196 microstrain less net shrinkage than the Control-A mixture. The net shrinkage of the two mixtures containing silica fume differed by 20 microstrain, a difference that is not statistically significant.
In Series B (Fig. 2 ) after 30 days of drying, the addition of 10% LWA helped reduce net shrinkage by 50 microstrain when compared to the control mixture. Cement replacements with slag and silica fume reduced net shrinkage in this series as well. The mixture containing 3% silica fume (10% LWA-30% Slag-3% SF-B) had 77 microstrain less net shrinkage than 10% LWA-B, and 127 microstrain less net shrinkage than Control-B. The mixture containing 6% silica fume (10% LWA-30% Slag-6% SF-B) had 114 microstrain less net shrinkage than 10% LWA-B, and 164 microstrain less net shrinkage than Control-B. Increasing silica fume content from 3% to 6% resulted in 37 microstrain less net shrinkage, a difference that is not statically significant. A similar trend to that seen in Series A and B was observed for the three mixtures in Series C. As shown in Fig. 3 , at 30 days, the mixture containing LWA and slag (10% LWA-30% Slag-C) had 104 microstrain less net shrinkage than the mixture containing only LWA (10% LWA-C). Also, the mixture containing LWA, slag, and silica fume (10% LWA-30% Slag-3% SF-C) had 80 microstrain less net shrinkage than the 10% LWA-30% Slag-C mixture and 184 microstrain less net shrinkage than the 10% LWA-C mixture.
After 30 days of drying, the net shrinkage values for the mixtures ranged from 180 to 400 microstrain, as shown in Table 4 . The results indicate that: 1) internal curing using prewetted lightweight aggregate reduces the tendency of the mixtures to develop shrinkage strains at early ages; and 2) the reduction is significantly enhanced when internal curing is combined with slag cement or slag cement and silica fume. As observed by Darwin et al. (2007) , Lindquist et al. (2008) , and Yuan et al. (2015) , when a partial replacement of cement with slag cement is combined with internal curing provided by porous limestone coarse aggregate, there appears to be a synergistic effect when combining slag and silica fume with internal curing.
Net shrinkage through 365 days
As shown in Fig. 4 through 6 and Table 4 , a trend similar to that observed at earlier drying times (through 30 days) is seen after 365 days of drying. In all three series, the tendency to develop shrinkage strain was progressively reduced with additions of prewetted LWA, slag, and silica fume.
In Series A (Fig. 4 and Table 4 ) after 365 days of drying, the use of prewetted LWA continued to reduce the net shrinkage when compared to the control mixture. The 8% LWA-A and 10% LWA-A mixtures had 87 and 64 microstrain less net shrinkage than Control-A. The 10% LWA-A mixture had 23 microstrain more net shrinkage than 8% LWA-A, but the difference is not statistically significant. The 10% LWA-30% Slag-A mixture had 97 microstrain less net shrinkage than the Control-A mixture and 33 microstrain less net shrinkage than the 10% LWA-A mixture; the latter difference is not statistically significant. As at earlier ages, when silica fume was added in conjunction with slag and LWA, a further reduction in net shrinkage was observed. The 10% LWA-30% Slag-3% SF-A mixture had 53 microstrain less net shrinkage than the 10% LWA-30% slag-A mixture and 150 microstrain less net shrinkage than the Control-A mixture. The 10% LWA-30% Slag-6% SF-A mixture had 70 microstrain less net shrinkage than the 10% LWA-30% Slag-A mixture, and 167 microstrain less net shrinkage than the Control-A mixture. The 10% LWA-30% Slag-6% SF-A mixture had 17 microstrain less net shrinkage than the 10% LWA-30% Slag-3% SF-A mixture, but the difference is not statistically significant.
In Series B (Fig. 5 and Table 4 ) after 365 days of drying, the addition of 10% LWA resulted in a reduction in net shrinkage by 47 microstrain compared to the control mixture, but the difference barely meets the threshold of statistical significance. As observed at 30 days, cement replacements with slag and silica fume reduced net shrinkage in this series. The 10% LWA-30% Slag-3% SF-B mixture had 73 microstrain less net shrinkage than the 10% LWA-B mixture and 120 microstrain less net shrinkage than the Control-B mixture. The 10% LWA-30% Slag-6% SF-B mixture had 120 microstrain less net shrinkage than the 10% LWA-B mixture, and 167 microstrain less net shrinkage than the Control-B mixture. Increasing the silica fume content from 3% to 6% resulted in 47 microstrain less net shrinkage, but, as at 30 days, this difference is not statistically significant.
A similar trend to those for the mixtures in Series A and B is observed for the mixtures in Series C. As shown in Fig. 6 , the use of LWA and slag (10% LWA-30% Slag-C) resulted in a reduction in net shrinkage of 90 microstrain compared to the mixture containing only the LWA replacement LWA (10% LWA-C). The use of a silica fume replacement for cement in conjunction with LWA and slag resulted in the lowest net shrinkage within this series; the 10% LWA-30% Slag-3% SF-C mixture had 80 microstrain less net shrinkage than the 10% LWA-30% Slag-C mixture and 170 microstrain less net shrinkage than the 10% LWA-C mixture.
Early-age versus later-age drying shrinkage
Figures 7, 8, and 9 show drying shrinkage during two time periods, termed early-age (0 to 30 days) and later-age (30 to 365 days), for mixtures in Series A, B, and C, respectively. The values in these figures do not include the effect of swelling. Thus, the comparisons are made only on the basis of drying shrinkage, which occurs beginning with exposure of the specimens to drying conditions. As shown in the figures, in each series of mixtures, the internally cured mixtures (8% LWA-A, 10% LWA-A, and 10% LWA-B) had lower early-age drying shrinkage than the comparable mixtures without internal curing (Control-A and Control-B) in that series. The reduction of drying shrinkage observed in mixtures containing prewetted LWA results from the release of water from prewetted LWA to the surrounding paste, which limits the decrease in internal relative humidity. The mixtures containing slag or slag and silica fume had lower 30-day drying shrinkage than the mixtures without these SCMs. The amount of drying shrinkage during the 30-to-365-day drying period, however, did not follow this trend. In fact, in numerous cases, the mixtures containing slag and silica fume exhibited greater shrinkage during the 30-to-365-day drying period than the mixtures without slag and silica fume. This point is demonstrated by the mixtures in Series A (Fig. 7) . The three mixtures containing slag and silica fume-10% LWA-30% Slag-A, 10% LWA-30% Slag-3% SF-A, and 10% LWA-30% Slag-6% SF-A-had, respectively, 240, 237, 200 microstrain drying shrinkage during the 30-to-365-day drying period, while the mixtures with no slag and silica fume, 8% LWA-A, 10% LWA-A, and Control-A, had, respectively, 133, 176, and 170 microstrain drying shrinkage, demonstrating that slag and silica fume provide greatest advantage early during drying. This observation also holds true for Series B and C, as shown in Fig. 8  and 9 ; in these cases, drying shrinkage was similar for the mixtures within each series during the 30-to-365-day drying period, with the major advantage of replacing cement with slag and silica fume apparent during the first 30 days. Among the mixtures containing slag or slag and silica fume, a greater amount of silica fume (6% versus 3% and 0%) always resulted in both lower early-age (0 to 30 days) and lower later-age (30 to 365 days) drying shrinkage. Overall, using slag or slag and silica fume with IC substantially reduced early-age drying shrinkage.
The reduction in drying shrinkage at early ages and the similarity and, in some cases, increase in drying shrinkage at later-ages observed when slag was used as a partial replacement for cement, may be due to a slower rate of hydration at early ages and a greater rate of hydration at later ages (that can be directly tied to internal water demand) experienced by these mixtures compared to the mixtures with 100% portland cement (De la Varga et al. 2012) . The further reduction in drying shrinkage that was observed when small amounts of silica fume were used may be due to the reduced permeability attained by adding silica fume, which slows the movement of internal water to the surface of concrete, preventing it from contributing to shrinkage through evaporation (Bentur et al. 1988 ). This reduction has the poten- tial to improve the cracking performance of concrete bridge decks, where the early-age cracking is a controlling factor.
SUMMARY AND CONCLUSIONS
This study evaluated both the drying shrinkage (length change due to the loss of moisture) and the net shrinkage (length change due to the combination of drying shrinkage and any swelling that takes place during curing) of 13 concrete mixtures containing different quantities of total aggregate with prewetted lightweight aggregate (0, 8, and 10% by volume), replacements of cement with Grade 100 slag cement (0 and 30% by volume), and replacements of cement with silica fume (0, 3, and 6% by volume). The internal curing water provided by prewetted LWA ranged from 5.7 to 7.5% by weight (mass) of cementitious material. The mixtures had a w/cm of 0.44 or 0.45 and paste contents between 23.36 and 24.06% by volume.
The following conclusions are made based on the results and analysis presented in this paper:
1. Replacement of a portion of total aggregate with prewetted lightweight aggregate, providing a source of internal curing water, reduces net shrinkage at both early (to 30 days) and later (to 365 days) ages.
2. The partial replacement of portland cement with slag cement in conjunction with prewetted lightweight aggregate further reduces net shrinkage.
3. An additional reduction in net shrinkage is obtained as silica fume is used as a partial replacement of cement in conjunction with prewetted lightweight aggregate and slag cement.
4. The use of the slag and silica fume in conjunction with internal curing contributes to a reduction in drying shrinkage only at early ages, although this reduction continues to result in lower net shrinkage, at least out to 365 days.
5. Among the mixtures containing slag or slag and silica fume, an increase in the amount of silica fume (6% versus 3% and 0%) results in both lower early-age (0 to 30 days) and lower later-age (30 to 365 days) drying shrinkage. 
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Appendix B
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